Phytoplankton blooms are increasing in frequency, intensity, and duration in aquatic 23 ecosystems worldwide. In many eutrophic lakes, these high levels of primary productivity 24 correspond to periods of CO2 depletion in surface waters. Cyanobacteria and other groups of 25 phytoplankton have the ability to actively transport bicarbonate (HCO3 -) across their cell 26 membrane when CO2 concentrations are limiting, possibly giving them a competitive advantage 27 over algae not using carbon concentrating mechanisms (CCMs). To investigate whether CCMs 28 can maintain phytoplankton bloom biomass under CO2 depletion, we measured δ 13 C signatures 29 of dissolved inorganic carbon (δ 13 CDIC) and phytoplankton particulate organic carbon (δ 13 Cphyto) 30 in sixteen mesotrophic to hypereutrophic lakes during the ice-free season of 2012. We used mass 31 balance relationships to determine the dominant inorganic carbon species used by phytoplankton 32 under CO2 stress. We found a significant positive relationship between phytoplankton biomass 33 and phytoplankton δ 13 C signatures, as well as a significant non-linear negative relationship 34 between water column ρCO2 and isotopic composition of phytoplankton, indicating a shift from 35 diffusive uptake to active uptake by phytoplankton of CO2 or HCO3 -during blooms. Calculated 36 photosynthetic fractionation factors indicated that this shift occurs specifically when surface 37 water CO2 drops below atmospheric equilibrium. Our results indicate active HCO3 -uptake via 38
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Introduction 44
Cyanobacteria blooms resulting from anthropogenic eutrophication are among the greatest 45 current threats to inland water ecosystems, altering carbon cycling and ecosystem function, 46 impairing water quality, and endangering human health (Brooks et CCM is not only the accumulation of inorganic carbon, but collectively active transport across 65 the cell membrane, partitioning of Rubisco into carboxysomes, and elevation of CO2 around 66 enzyme complexes (Price et al., 2008b) . When water column pH exceeds 8.5, CO2 is negligible 67 and HCO3
-is the dominant carbon species. HCO3 -cannot passively diffuse across phytoplankton 68 cell membranes, and therefore requires an active transport system. CCMs are present in many 69 groups of aquatic photoautotrophs including green algae (Spalding, 2008) and cyanobacteria CCMs which are not fully resolved, so it is unclear whether or not 75 cyanobacteria CCMs represent a more efficient, competitive advantage over other phytoplankton 76 taxa (Moroney and Ynalvez, 2007) . 77
The cyanobacterial CCM mechanism facilitates active transport of HCO3 -across the 78 plasma membrane, where it is accumulated in the cytosol, transferred to Rubisco-containing 79 carboxysomes, and converted to CO2 via carbonic anhydrases (Raven et al., 2008) . Carboxysome 80 structures, unique to cyanobacteria CCMs, are thought to decrease CO2 leakage rates via low 81 permeability for uncharged species (i.e., CO2) across the carboxysome protein shell (Kaplan and 82 Reinhold, 1999; Price et al., 2008a) . In an optimal CCM, diffusion of HCO3-across the 83 carboxysome shell is fast, and leakage of converted CO2 is slow (Mangan and Brenner, 2014) . 84
This results in reduced isotopic discrimination and an intracellular composition approaching that 85 of source material (Fielding et al., 1998 (Sharkey and Berry, 1985; Yoshioka, 1997) . In other words, discrimination 112 due to passive diffusion is reduced or negligible when active HCO3 -uptake is occurring 113 (Giordano et al., 2005) . Thus, if CCMs are activated during cyanobacteria blooms in eutrophic 114 lakes, we would expect the δ 13 C signature of the phytoplankton to increase as ambient CO2 is 115 depleted, and photosynthetic fractionation factors to decrease as the community approaches a 116 monoculture of phytoplankton using CCM. 117
The purpose of this study was to evaluate the importance of CCMs in maintaining high 118 phytoplankton biomass during CO2 depletion in eutrophic and hypereutrophic lakes. We 119 hypothesized that photosynthetic fractionation would be tightly coupled with inorganic carbon 120 limitation, resulting in decreased fractionation with shifts from atmospheric CO2 to mineral 121
HCO3
-in the water column. We further hypothesized that phytoplankton isotopic composition 122 and photosynthetic fractionation would correspond to CO2 depletion in the water column, 123 reflecting CCM activation during blooms that are intense enough to lower water column CO2. and increased 0.15% per unit hPa decrease. An additional correction for depth was added to the 144 barometric pressure correction, because pressure is increased 9.81 hPa per 10 cm depth. 145
Measurements were taken at 1 m, equivalent to a 98.1 hPa increase. Similarly, measurements 146 were increased by 0.3% per degree Celsius increase in water temperature above instrument 147 calibration (25°C). 148
All water chemistry was performed in the Iowa State Limnology Laboratory using United 149
States Environmental Protection Agency (US EPA) certified methods. Total nitrogen was 150 determined using the second derivative method described in (Crumpton et al., 1989) . Total 151 phosphorus was determined colorimetrically using the molybdate blue method (APHA, 2012). 152
Samples for Chl a analysis were filtered onto GF/C filters which were frozen then extracted and 153 To determine the isotopic composition of phytoplankton organic carbon (δ 13 Cphyto), 176 samples were filtered onto pre-combusted GF/C filters. Zooplankton and detritus were removed 177 manually from filtered samples using a dissecting microscope. Samples were gently fumed in a 178
desiccator for 24 h with 1N HCl to remove inorganic carbon, dried in a low temperature oven, 179 then pulverized using a mortar and pestle and analyzed with standard methods (above IRMS 180 connected to a Costech Elemental Analyzer). Calcification is common in marine phytoplankton, 181 but not in eutrophic freshwater lakes and was not observed in our samples. varying degrees of intensity. TN and TP measured across the study were on average in the 223 eutrophic to hypereutrophic range (Table 1) . 224
To evaluate the predicted shift in algal carbon assimilation strategies below atmospheric 225 equilibrium, we used a nonlinear dynamic model to analyze the relationships between ambient 226 pCO2 and δ 13 Cphyto across lakes and sampling events. We found that while no relationship existed 227 between these variables above atmospheric equilibrium, there was a rapid, significant increase in 228 In eutrophic/ hypereutrophic lakes, however, fractionation decreased with active uptake of 271 mineral bicarbonate (Sharkey and Berry, 1985) . 272
We found a significant positive relationship between photosynthetic fractionation and 273 Fractionation increased in these lakes as δ 13 CDIC became more positive, possibly indicating a 282 groundwater -sourced CO2 generated from organic acid decomposition prior to microbial 283 methanogenisis (Simpkins and Parkin, 1993) . 284
In eutrophic lakes, both phytoplankton isotopic composition and fractionation appear to be 285 strongly related to pCO2 availability below a critical equilibrium point. In less productive 286 northern temperate lakes, however, CO2 is a poor predictor of photosynthetic fractionation 287 sediments (Hollander and Smith, 2001 ). Our work demonstrates fundamental differences in 311 inorganic carbon utilization between northern temperate and agricultural, eutrophic lakes. 312
Because the extent of impacted, high nutrient lakes is predicted to increase with the food 313 demands of a growing human population (Foley et al., 2005) 
Figure legends 510
Figures 1-2. Community composition (division level) and biomass for three summer sampling 511 points in each lake. 512 
